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Between January 2004 and De-
cember 2004, 3,287 patients
were treated at the 31st Com-
bat Support Hospital (CSH) in

Baghdad for traumatic injuries. Most of-
ten in the patients requiring transfusion,
blood components—red blood cells
(RBCs), fresh frozen plasma, and cryopre-
cipitate—were utilized to replace blood
loss. These stored blood components are

supplied by the Armed Services Blood
Program from donations collected and
processed in the United States and trans-
ported overseas to military medical facil-
ities. Because of the time required to
transport blood products and the short
shelf life of 5 days, platelets were not
available during the study period. Thus,
in some instances fresh whole blood
(FWB) was transfused as a source of fresh

platelets, but also when RBCs or cryopre-
cipitate could not be processed rapidly
enough for multiple casualties. At the
CSH in Baghdad in 2004, with increased
familiarity and anecdotal experience that
patients improved with its use, FWB be-
gan to be transfused in preference to
stored RBCs and fresh frozen plasma. The
rationale was FWB would provide fresh
(not stored) fully functional hemoglobin,
coagulation factors, and platelets for pa-
tients at high risk of mortality from hem-
orrhagic shock; FWB may be more func-
tional or efficient than stored blood
components (1–4). U.S. military doctrine
supports transfusion of fresh or stored
whole blood for patients with life-
threatening traumatic injuries (5). Indi-
cations for the use of FWB at our CSH
included patients who were at risk for
massive transfusion with life-threatening
injuries; these have been previously pub-

Objective: Fresh whole blood (FWB) and red blood cells (RBCs) are
transfused to injured casualties in combat support hospitals. We evalu-
ated the risks of FWB and RBCs transfused to combat-related casualties.

Design: Retrospective chart review.
Setting: Deployed U.S. Army combat support hospitals.
Subjects: Donors of FWB and recipients of FWB and RBCs.
Measurements and Results: The storage age of RBCs at trans-

fusion was measured as an indicator of overall risk associated with
the storage lesion of RBCs between January 2004 and December
2004 at one combat support hospital. Between April 2004 and De-
cember 2004, FWB was prescreened only at one combat support
hospital for human immunodeficiency virus, hepatitis C virus, and
hepatitis B surface antigen before transfusion. To estimate the gen-
eral incidence of infectious agent contamination in FWB units, sam-
ples collected between May 2003 and February 2006 were tested
retrospectively for human immunodeficiency virus, hepatitis B sur-
face antigen, hepatitis C virus, and human lymphotropic virus. Re-
sults were compared between FWB samples prescreened and not
prescreened for infectious agents before transfusion. At one combat
support hospital in 2004, 87 patients were transfused 545 units of
FWB and 685 patients were transfused 5,294 units of RBCs with a

mean age at transfusion of 33 days (�6 days). Retrospective testing
of 2,831 samples from FWB donor units transfused in Iraq and
Afghanistan between May 2003 and February 2006 indicated that
three of 2,831 (0.11%) were positive for hepatitis C virus recombinant
immunoblot assay, two of 2,831 (0.07%) were positive for human
lymphotropic virus enzyme immunoassay, and none of 2,831 were
positive for both human immunodeficiency virus 1/2 and hepatitis B
surface antigen by Western blot and neutralization methods, respec-
tively. The differences in the incidence of hepatitis C virus contam-
ination of FWB donor units between those prescreened for hepatitis
C virus (zero of 406; 0%) and not prescreened (three of 2,425; 0.12%)
was not significant (p � .48).

Conclusions: The risk of infectious disease transmission with
FWB transfusion can be minimized by rapid screening tests before
transfusion. Because of the potential adverse outcomes of transfus-
ing RBCs of increased storage age to combat-related trauma pa-
tients, the risks and benefits of FWB transfusions must be balanced
with those of transfusing old RBCs in patients with life-threatening
traumatic injuries. (Crit Care Med 2007; 35:●●●–●●●)
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lished (1, 6). The potential benefits of
utilizing whole blood or essentially re-
constituting whole blood by using RBC,
fresh frozen plasma, and platelet compo-
nents in equal quantities or a 1:1:1 ratio
(similar to whole blood) in patients with
severe traumatic injuries has been dis-
cussed recently (7–12). Yet some physi-
cians are reluctant to use this therapy
because of potential or unknown risks.
This report provides a broad assessment
of some of the risks to recipients in the
practice of FWB transfusion by examin-
ing the incidence of transfusion reactions
and infectious agent transmission in
FWB recipients. We also explore the risks
associated with the age of stored blood
components utilized in the combat zone,
and discuss strategies to reduce risks and
improve outcomes associated with both
FWB and RBC transfusion.

METHODS

This retrospective protocol received Insti-
tutional Review Board approval through the
Department of Clinical Investigation at
Brooke Army Medical Center in San Antonio,
TX. Transfusion reactions and the age of RBCs
transfused at the Baghdad CSH were recorded
from January 2004 to December 2004. Trans-
fusion reactions were recorded in a database
maintained by the CSH laboratory director.
The rate of transfusion reactions in patients
from the Baghdad CSH who received FWB and
RBCs was then compared with the incidence
in patients who received only RBCs. Febrile
nonhemolytic transfusion reaction was de-
fined as an increase in temperature of �1°C
during or after the transfusion that could not
be accounted for by another process. Transfu-
sion-related acute lung injury was defined as
the development of bilateral pulmonary infil-
trates within 6 hrs of a transfusion, associated
with increased oxygen requirement, decreased
pulmonary compliance, fever, or hypotension.
Acute intravascular hemolytic transfusion re-
actions were identified by the acute develop-
ment of hemoglobinuria with any of the fol-
lowing symptoms: fever, hypotension, chills,
hemoglobinemia, or vomiting. For all transfu-
sion recipients, we also noted the total num-
ber of FWB and RBC units transfused, the age
of RBCs at delivery to the CSH, and the age of
RBCs at transfusion to recipients. Age of RBCs
at delivery and transfusion were calculated
from a database maintained by the laboratory
director and the Armed Services Blood Pro-
gram Office. All RBC units sent to the CSH
had a shelf life of 42 days. Age at date of
delivery was calculated as 42 days � (date of
expiration � date of delivery). Age at transfu-
sion was calculated as 42 days � (date of
expiration � date of transfusion). Leukore-

duction was not performed on RBCs before
storage and was not performed before trans-
fusion on FWB. Both RBCs and FWB were
transfused with standard blood administration
tubing without the utilization of leukopore
filters.

To estimate the general incidence of infec-
tious agent contamination in FWB units
transfused, retrospective testing (confirma-
tory method) was performed on samples col-
lected between May 2003 and February 2006 at
many U.S. CSHs. Methods of testing for each
organism were enzyme immunoassay screen
followed by Western blot if reactive for human
immunodeficiency virus (HIV) 1/2, enzyme
immunoassay for human lymphotropic virus,
enzyme immunoassay screen (if reactive fol-
lowed by recombinant immunoblot assay) for
hepatitis C virus (HCV), enzyme immunoassay
screen (if reactive followed by neutralization)
for hepatitis B surface antigen (HBsAg). Test-
ing was performed at the Robertson Blood
Center at Ft. Hood, TX. FWB was screened
before transfusion for HIV, HBsAg, and HCV
only at the CSH in Baghdad by utilizing a
rapid immunochromatographic test (non–
Food and Drug Administration approved; Bio-
kit, Madrid, Spain) between April 2004 and
December 2004. These rapid tests were pur-
chased from and shipped to Baghdad from
Spain. Not all units of FWB transfused at the
Baghdad CSH in 2004 could be screened because
of limited availability of testing kits. Because the
rapid screening tests are not approved by the
Food and Drug Administration, before 2006 they
were not a standard item for CSH laboratories.
The manufacturer reported sensitivities and
specificities for each of these rapid tests are as
follows: HIV 1 and 2 kit specificity 98.2%, sen-
sitivity 98.5%; HCV kit specificity 98.7%, sensi-
tivity 99.4%; HBsAg kit specificity �98%, sensi-
tivity not reported by the manufacturer for this
test.

Statistical Analysis. Parametric data are
presented as mean (�SD). Student’s t-test was
used to compare means. Chi-square or Fi-
sher’s exact test was used for comparisons of
categorical data as indicated. A z-test was used
to compare proportions from independent
samples. Significance for all comparisons was
set at p � .05. Statistical analysis was per-
formed with SPSS 13.0 (SPSS, Chicago, IL).

RESULTS

Between January 2004 and December
2004, 3,287 patients were admitted to the
CSH in Baghdad for traumatic injuries.
There were 685 (21%) patients admitted
for traumatic injury who were transfused
5,294 units of stored RBCs with a mean of
7.7 units per patient. The mean storage
age of RBCs at arrival to the CSH from
the United States was 27 days (�5.2 days)
and at transfusion was 33 days (�6 days)

(Fig. 1). FWB units were typically trans-
fused immediately after collection.
Eighty-seven (2.6%) patients admitted
for traumatic injury were transfused 545
units of FWB with a mean of six units
(three liters) per patient. Eighty-four pa-
tients received both RBCs and FWB. The
mean RBCs and FWB units transfused to
these patients were 16 (�10) and 7 (�7),
respectively. The percentage of RBCs and
FWB transfused to these 84 patients was
1,337 of 1,875 units (71.3%) and 538 of
1,875 units (28.7%), respectively.

Transfusion Reactions. Between Janu-
ary 2004 and December 2004, 685 pa-
tients received 5,294 units of stored RBCs
at the Baghdad CSH. In 682 of these
patients, 87 also received 545 units of
FWB. Transfusion reactions were re-
corded for two of 87 (2.3%) FWB recipi-
ents and 12 of 598 (2.0%) non–FWB
transfusion recipients, (p � .82). Trans-
fusion reactions for FWB recipients in-
cluded one case of febrile nonhemolytic
transfusion reaction and one case of
transfusion-related acute lung injury.
Transfusion reactions reported for non-
FWB recipients included two cases of
acute intravascular hemolytic reactions,
one case of transfusion-related acute lung
injury, and nine cases of febrile nonhe-
molytic transfusion reaction.

Infectious Disease Transmission. Ret-
rospective testing of 2,831 samples from
FWB donor units transfused in Iraq and
Afghanistan between May 2003 and Feb-
ruary 2006 indicated that three of 2,831
(0.11%) were positive for HCV recombi-
nant immunoblot assay, two of 2,831
(0.07%) were positive for human lympho-
tropic virus enzyme immunoassay, and
none of 2,831 were positive for both HIV
1/2 and HBsAg by Western blot and neu-
tralization methods, respectively (Table
1). Of 2,831 samples tested, only the sam-
ples from the Baghdad CSH were
screened for infectious diseases before
transfusion. Of the 545 units of FWB col-
lected at the Baghdad CSH, 460 donors
were screened for HIV 1/2 and 408 donors
were screened for both HCV and HBsAg.
Units from two potential donors tested
positive for HCV before transfusion; these
units were discarded and were not sent
back to the United States for retrospec-
tive testing. Of those that were screened
before transfusion and were negative by
screening, none were positive at formal
testing back in the United States (Table
1). The difference in the incidence of HCV
contamination of FWB donor units be-
tween those prescreened for HCV 0/406
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(0%) and not prescreened three of 2,425
(0.12%) was not significant (p � .48).

DISCUSSION

While many authors have discussed
the potential clinical benefits of FWB
transfusion (1– 4, 13–18), to our knowl-
edge this is the first study documenting

risks to recipients of FWB. The inci-
dence of transfusion reactions was
equal between patients who received
FWB compared with patients who re-
ceived only RBCs and fresh frozen
plasma, and the incidence of infectious
disease transmission was higher with
FWB than what is currently reported
for component therapy products. The

risk of infectious disease transmission
with FWB can be decreased with the use
of rapid screening tests before its trans-
fusion.

Risk also exists with standard compo-
nent therapy. The risk of increased mor-
bidity and mortality associated with the
transfusion of RBCs in critically ill pa-
tients has been reviewed by many (7, 9,
19–23). The optimal treatment of hem-
orrhagic shock in these critically injured
patients requires a data-driven assess-
ment of the potential benefits and risks of
all available blood products (Table 2).

Transfusion Reaction Risk. It was not
possible to accurately assess the risk of
transfusion reaction for individual units
of specific blood products in a population
that received large amounts of FWB,
RBC, and fresh frozen plasma, often si-
multaneously and in a short period of
time. The low rate of transfusion reac-
tions reported for both FWB and RBC
transfusions may have been a result of

Figure 1. Age of stored red blood cells (RBCs) on day of transfusion, n � 5,294 RBC units, mean storage age � SD � 33 � 6 days.

Table 1. Comparison of incidence of confirmed positive samples from deployed and nondeployed
donors

Deployed Donors,
Rapid-Screened

Before Transfusion

Deployed Donors,
Not Rapid-Screened
Before Transfusion Nondeployed Donorsa

HIV (%) 0/460 (0) 0/2371 (0) 0/41,297 (0)
HCV (%) 0/406 (0) 3/2427 (0.12) 24/41,297 (0.06)
HBsAg (%) 0/406 (0) 0/2427 (0) 26/41,297 (0.06)
HTLV (%) NA 2/2831 (0.07) 25/41,297 (0.06)

HIV, human immunodeficiency virus; HCV, hepatitis C virus; HBsAg, hepatitis B surface antigen;
HTLV, human T-cell lymphotropic virus.

aIncludes military and civilian donors from the Robertson Blood Collection Center, Fort Hood, TX.
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under-reporting of febrile transfusion re-
actions due to the chaotic environment
in busy CSHs. Transfusion-related acute
lung injury was difficult to diagnose in
our patients with multiple concomitant
traumatic injuries that included a high
incidence of traumatic pulmonary hemor-
rhage and contusion and acute respiratory
distress syndrome. Despite the difficulties
in associating transfusion reactions with
specific blood products in this retrospec-
tive study, the use of FWB did not appear
to increase the incidence of transfusion
reactions.

Risk of Infection to FWB Recipients.
Rapid screening before transfusion can
minimize the risk of HIV, hepatitis B vi-
rus, and HCV, as was the case in our FWB
transfusion program that utilized a non–
Food and Drug Administration approved
rapid screening method. Rapid screening
tests can decrease the transmission of
infectious agents and should be strongly
considered as a standard part of any FWB
transfusion program for life-threatening
hemorrhage.

The manufacturer reports sensitivity
and specificity for each of the rapid
screening tests in the range of 98% to
99% for HIV, HCV, and HBsAg. Retro-
spective testing of donor units in the
United States revealed no false negative
results with rapid screening tests. Ac-
cording to the reported sensitivity and
specificity of these rapid tests, it can be
expected that approximately one to two of
every 100 positive samples infected with
HIV, HCV, or hepatitis B virus will not be
detected. The incidence of infectious
agents tested in donors was similar in the
deployed setting compared with donors at
military blood collection centers, except
for HCV (Table 2). The confirmed inci-
dence of HCV measured in those volun-
teering to donate from this deployed mil-
itary population during this study was

three of 2,831 (0.11%). In a similar mil-
itary population, using the rapid screen-
ing test and based on this incidence of
HCV, the risk of transfusing an HCV-
contaminated unit would be one per
69,930 units transfused. The value of
rapid screening for infectious agents was
additionally highlighted by the fact that it
prevented the transfusion of two units
presumably contaminated with HCV.

Because active duty military person-
nel are tested for HIV immediately be-
fore deployment, the risk of transmit-
ting HIV is diminished compared with
the general population. However, mili-
tary populations are not routinely
screened for HCV, hepatitis B virus, and
human lymphotropic virus. Predeploy-
ment testing could lower the risk of
transmitting these agents to recipients
of FWB transfusions. Some CSHs cur-
rently predetermine and pretest the do-

nor pool by sending samples of their
blood to the United States for formal
infectious agent testing before utilizing
their blood for transfusion.

Stored RBC Risk. Recent reviews re-
garding the storage lesion associated
with RBC transfusions have questioned
their risk-benefit profile in critically ill
patients (20 –23, 36, 37). Figure 2 sum-
marizes the potential adverse effects of
transfusing a large amount of stored
RBCs to critically ill patients and pro-
vides biological plausibility supporting
the literature that indicates stored
RBCs can have an adverse effect on out-
come in critically ill patients. It is pos-
sible that the adverse effects reported
with the use of stored RBCs are a con-
sequence of transfusing RBCs with �14
days of storage in critically ill patients.
Table 2 summarizes risks associated
with the transfusion of RBCs with �14

Table 2. Comparison of risks and benefits of fresh whole blood (FWB) and stored red blood cells (RBCs) with �14 days of storage for critically ill patients

FWB RBCs With �14 Days of Storage

Transfusion reactions Similar incidence of FNHTR and
TRALI in FWB � and � patients

Rare because of extensive testing before transfusion
Infectious disease transmission Increased inflammatory mediators [26, 27]
Physiologic benefits
Adverse effects on physiology,

morbidity, and mortality

Increased incidence compared to
stored RBCs. Minimized with the use of rapid
screening tests for certain infectious agents

Improved microcirculatory hemodynamics
[18, 24], cardiac output [16, 17, 25], and
coagulation function [13, 14]

Increased RBC aggregation [28]
Increased free hemoglobin [29]
Decreased 2, 3 DPG and tissue perfusion [30]
Decreased oxygen consumption [31]
Increased infections [32]
TRALI [33, 34]
Multiorgan failure [9]
Death [19, 35]

FNHTR, febrile nonhemolytic transfusion reaction; TRALI, transfusion-related acute lung injury; FWB�, patients who received FWB, RBCs, and fresh
frozen plasma; FWB�, patients who received RBCs and fresh frozen plasma; DPG, diphosphoglygerate.

Figure 2. Effects of storage lesion associated with increased storage time and amount of red cell
transfusions. RBC, red blood cell; NO, nitric oxide; 2,3 DPG, 2,3 diphosphoglycerate; TRALI, transfu-
sion-related acute lung injury; MOF, multiorgan failure.
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days of storage. These risks are of con-
cern because the average storage age of
RBCs transfused in the United States is
21 days (65).

The reported adverse effects of trans-
fusing a large amount of red cells stored
for �14 days is of concern to the military
physician during combat. Due to signifi-
cant logistic constraints and difficulty in
rapidly transporting blood products from
distant collection sites, RBC units tend to
be older when administered to casualties.
The risk of transfusing large amounts of
RBCs �14 days old to critically ill trauma
patients has not been tested in a prospec-
tive, randomized, controlled trial. But the
consistency and biological plausibility of
animal and human laboratory data in ad-
dition to clinical studies (Fig. 2) support
the concept that it is probable that the
transfusion of large amounts of RBCs
�14 days old is potentially harmful to
critically ill patients (9, 19, 24, 28, 30,
32–35). Therefore, despite the fact that
randomized, controlled trial data are not
available, the transfusion of RBCs �14
days old has significant potential to im-
prove outcomes for patients with severe
traumatic injury.

Potential Benefits of FWB. The re-
ported physiologic benefits of FWB are
summarized in Table 2. Data on the use
of FWB and stored component therapy in
combat environments for life-threatening
hemorrhage continues to be collected
and will be analyzed to determine the
effect on survival. Prospective random-
ized trials are needed to evaluate the ef-
ficacy and risks associated with FWB
compared with either stored whole blood
or component therapy for patients with
severe traumatic injuries. These studies
need to account for the age of stored
whole blood or red cells.

CONCLUSIONS

Transfusion reaction rates were simi-
lar between FWB recipients and patients
who only received RBCs. The risk of in-
fectious disease transmission is low and
can be further reduced by rapid screening
tests before transfusion. At CSHs, the
small but real increased risk of infectious
agent transmission associated with FWB
must be balanced with the documented
benefit of FWB and the potential for in-
creased morbidity and mortality with the
use of old RBCs.

ACKNOWLEDGMENTS

We thank Col. Ruth Lee, Lt. Col. Em-
mett Gourdine, and the 31st Combat
Support Hospital Research Working
Group (Drs. Jack Chiles, Lorne Black-
bourne, Dennis Nichols, Jennifer Greco,
Cynthia Clagett, and Gregory Thibault)
for assistance with data collection, and
Dr. Michael Libby, Amy Newland, and Dr.
Charles E. Wade for support, helpful dis-
cussions, and critical evaluation of the
manuscript.

REFERENCES

1. Repine TB, Perkins JG, Kauvar DS, et al: The
use of fresh whole blood in massive transfu-
sion. J Trauma 2006; 60(Suppl 6):S59–S69

2. Grosso SM, Keenan JO: Whole blood trans-
fusion for exsanguinating coagulopathy in a
US field surgical hospital in postwar Kosovo.
J Trauma 2000; 49:145–148

3. Hess JR, Thomas MJ: Blood use in war and
disaster: Lessons from the past century.
Transfusion 2003; 43:1622–1633

4. McMullin NR, Holcomb JB, Sondeen J: He-
mostatic resuscitation. In: Vincent J (Ed).
Yearbook of Intensive Care and Emergency
Medicine. New York, NY, Springer, 2006, pp
265–278

5. Szul AC, Davis LB (Eds): Emergency War
Surgery, Third United States Revision, 2004.
Washington, DC, Department of the Army,
2004

6. Kauvar DS, Holcomb JB, Norris GC, et al:
Fresh whole blood transfusion: A controver-
sial military practice. J Trauma 2006; 61:
181–184

7. Laine E, Steadman R, Calhoun L, et al: Com-
parison of RBCs and FFP with whole blood
during liver transplant surgery. Transfusion
2003; 43:322–327

8. Reiner A: Massive Transfusion. Baltimore,
MD, Williams & Wilkins, 1998

9. Zallen G, Offner PJ, Moore EE, et al: Age of
transfused blood is an independent risk fac-
tor for postinjury multiple organ failure.
Am J Surg 1999; 178:570–572

10. Ho AM, Karmakar MK, Dion PW: Are we
giving enough coagulation factors during
major trauma resuscitation? Am J Surg
2005; 190:479–484

11. Hirshberg A, Dugas M, Banez EI, et al: Min-
imizing dilutional coagulopathy in exsangui-
nating hemorrhage: A computer simulation.
J Trauma 2003; 54:454–463

12. Malone DL, Hess JR, Fingerhut A: Massive
transfusion practices around the globe and a
suggestion for a common massive transfu-
sion protocol. J Trauma 2006; 60:S91–S96

13. Lavee J, Martinowitz U, Mohr R, et al: The
effect of transfusion of fresh whole blood
versus platelet concentrates after cardiac op-
erations. A scanning electron microscope
study of platelet aggregation on extracellular

matrix. J Thorac Cardiovasc Surg 1989; 97:
204–212

14. Manno CS, Hedberg KW, Kim HC, et al:
Comparison of the hemostatic effects of fresh
whole blood, stored whole blood, and com-
ponents after open heart surgery in children.
Blood 1991; 77:930–936

15. Mohr R, Goor DA, Yellin A, et al: Fresh blood
units contain large potent platelets that im-
prove hemostasis after open heart opera-
tions. Ann Thorac Surg 1992; 53:650–654

16. Sondeen J, Prince MD, Dubick MA, et al:
Fresh whole blood is the best 24 hour hypo-
tensive resuscitation fluid in severe hemor-
rhagic shock. Shock 2007; In Press

17. Traverso LW, Hollenbach SJ, Bolin RB, et al:
Fluid resuscitation after an otherwise fatal
hemorrhage: II. Colloid solutions. J Trauma
1986; 26:176–182

18. Arslan E, Sierko E, Waters JH, et al: Micro-
circulatory hemodynamics after acute blood
loss followed by fresh and banked blood
transfusion. Am J Surg 2005; 190:456–462

19. Basran S, Frumento RJ, Cohen A, et al: The
association between duration of storage of
transfused red blood cells and morbidity and
mortality after reoperative cardiac surgery.
Anesth Analg 2006; 103:15–20

20. McIntyre LA, Hebert PC: Can we safely re-
strict transfusion in trauma patients? Curr
Opin Crit Care 2006; 12:575–583

21. Napolitano LM, Corwin HL: Efficacy of red
blood cell transfusion in the critically ill. Crit
Care Clin 2004; 20:255–268

22. Raghavan M, Marik PE: Anemia, allogenic
blood transfusion, and immunomodulation
in the critically ill. Chest 2005; 127:295–307

23. Tinmouth A, Fergusson D, Yee IC, et al:
Clinical consequences of red cell storage in
the critically ill. Transfusion 2006; 46:
2014–2027

24. Berezina TL, Zaets SB, Morgan C, et al: In-
fluence of storage on red blood cell rheologi-
cal properties. J Surg Res 2002; 102:6–12

25. Barbee RW, Kline JA, Watts JA: A comparison
of resuscitation with packed red blood cells
and whole blood following hemorrhagic
shock in canines. Shock 1999; 12:449–453

26. Blajchman MA: Immunomodulation and
blood transfusion. Am J Ther 2002; 9:
389–395

27. Ghio M, Contini P, Mazzei C, et al: Soluble
HLA class I and Fas ligand molecules in
blood components and their role in the im-
munomodulatory effects of blood transfu-
sions. Leuk Lymphoma 2000, 39:29–36

28. Hovav T, Yedgar S, Manny N, et al: Alteration
of red cell aggregability and shape during
blood storage. Transfusion 1999; 39:277–281

29. Nishiyama T, Hanaoka K: Free hemoglobin
concentrations in patients receiving massive
blood transfusion during emergency surgery
for trauma. Can J Anaesth 2000; 47:881–885

30. Marik PE, Sibbald WJ: Effect of stored-blood
transfusion on oxygen delivery in patients
with sepsis. JAMA 1993; 269:3024–3029

31. Fitzgerald RD, Martin CM, Dietz GE, et al:
Transfusing red blood cells stored in citrate

5Crit Care Med 2007 Vol. 35, No. 11



phosphate dextrose adenine-1 for 28 days
fails to improve tissue oxygenation in rats.
Crit Care Med 1997; 25:726–732

32. Offner PJ, Moore EE, Biffl WL, et al: In-
creased rate of infection associated with
transfusion of old blood after severe injury.
Arch Surg 2002; 137:711–717

33. Silliman CC, Clay KL, Thurman GW, et al:
Partial characterization of lipids that develop
during the routine storage of blood and
prime the neutrophil NADPH oxidase. J Lab
Clin Med 1994; 124:684–694

34. Silliman CC, Ambruso DR, Boshkov LK:
Transfusion-related acute lung injury. Blood
2005; 105:2266–2273

35. Purdy FR, Tweeddale MG, Merrick PM: Asso-
ciation of mortality with age of blood trans-
fused in septic ICU patients. Can J Anaesth
1997; 44:1256–1261

36. Ho J, Sibbald WJ, Chin-Yee IH: Effects of
storage on efficacy of red cell transfusion:
When is it not safe? Crit Care Med 2003;
31(Suppl 12):S687–S697

37. Madjdpour C, Spahn DR: Allogeneic red
blood cell transfusions: Efficacy, risks, alter-
natives, and indications. Br J Anaesth 2005;
95:33–42

38. Zallen G, Moore EE, Ciesla DJ, et al: Stored
red blood cells selectively activate human
neutrophils to release IL-8 and secretory
PLA2. Shock 2000; 13:29–33

39. Stack G, Baril L, Napychank P, et al: Cyto-
kine generation in stored, white cell–
reduced, and bacterially contaminated units
of red cells. Transfusion 1995; 35:199–203

40. Luk CS, Gray-Statchuk LA, Cepinkas G, et al:
WBC reduction reduces storage-associated
RBC adhesion to human vascular endothelial
cells under conditions of continuous flow in
vitro. Transfusion 2003; 43:151–156

41. Card RT: Red cell membrane changes during
storage. Transfus Med Rev 1988; 2:40–47

42. Card RT, Mohandas N, Mollison PL: Relation-
ship of post-transfusion viability to deform-
ability of stored red cells. Br J Haematol
1983; 53:237–240

43. Knight JA, Voorhees RP, Martin L, et al: Lipid
peroxidation in stored red cells. Transfusion
1992; 32:354–357

44. La Celle PL: Alteration of deformability of the
erythrocyte membrane in stored blood.
Transfusion 1969; 9:238–245

45. Wolfe LC, Byrne AM, Lux SE: Molecular de-
fect in the membrane skeleton of blood
bank–stored red cells. Abnormal spectrin-
protein 4.1-actin complex formation. J Clin
Invest 1986; 78:1681–1686

46. Apstein CS, Dennis RC, Briggs L, et al: Effect
of erythrocyte storage and oxyhemoglobin
affinity changes on cardiac function.
Am J Physiol 1985; 248(4 Pt 2):H508–H515

47. Mynster T, Dybkjoer E, Kronborg G, et al:
Immunomodulating effect of blood transfu-
sion: Is storage time important? Vox Sang
1998; 74:176–181

48. Nimah M, Brilli RJ: Coagulation dysfunction
in sepsis and multiple organ system failure.
Crit Care Clin 2003; 19:441–458

49. Doyle MP, Walker BR: Stiffened erythrocytes
augment the pulmonary hemodynamic re-
sponse to hypoxia. J Appl Physiol 1990; 69:
1270–1275

50. Simchon S, Jan KM, Chien S: Influence of
reduced red cell deformability on regional
blood flow. Am J Physiol 1987; 253(4 Pt
2):H898–H903

51. Ford CD, VanMoorleghem G, Menlove RL:
Blood transfusions and postoperative wound
infection. Surgery 1993; 113:603–607

52. Hill GE, Frawley WH, Griffith KE, et al: Al-
logeneic blood transfusion increases the risk
of postoperative bacterial infection: A meta-
analysis. J Trauma 2003; 54:908–914

53. Lorente JA, Landin L, De Pablo R, et al:
Effects of blood transfusion on oxygen trans-
port variables in severe sepsis. Crit Care Med
1993; 21:1312–1318

54. Silverman HJ, Tuma P: Gastric tonometry in
patients with sepsis. Effects of dobutamine
infusions and packed red blood cell transfu-
sions. Chest 1992; 102:184–188

55. Mink RB, Pollack MM: Effect of blood trans-

fusion on oxygen consumption in pediatric
septic shock. Crit Care Med 1990; 18:
1087–1091

56. Seear M, Wensley D, MacNab A: Oxygen
consumption– oxygen delivery relationship
in children. J Pediatr 1993; 123:208–214

57. Moore FA, Moore EE, Sauaia A: Blood trans-
fusion. An independent risk factor for postin-
jury multiple organ failure. Arch Surg 1997;
132:620–625

58. Sauaia A, Moore FA, Moore EE, et al: Multi-
ple organ failure can be predicted as early as
12 hours after injury. J Trauma 1998; 45:
291–301

59. Sauaia A, Moore FA, Moore EE, et al: Early
predictors of postinjury multiple organ fail-
ure. Arch Surg 1994; 129:39–45

60. Goodman AM, Pollack MM, Patel KM, et al:
Pediatric red blood cell transfusions increase
resource use. J Pediatr 2003; 142:123–127

61. Malone DL, Dunne J, Tracy JK, et al: Blood
transfusion, independent of shock severity, is
associated with worse outcome in trauma.
J Trauma 2003; 54:898–905

62. Robinson WP 3rd, Ahn J, Stiffler A, et al:
Blood transfusion is an independent predic-
tor of increased mortality in nonoperatively
managed blunt hepatic and splenic injuries.
J Trauma 2005; 58:437–444

63. Hebert PC, Wells G, Blajchman MA, et al: A
multicenter, randomized, controlled clinical
trial of transfusion requirements in critical
care. Transfusion Requirements in Critical
Care Investigators, Canadian Critical Care
Trials Group. N Engl J Med 1999; 340:
409–417

64. Vincent JL, Baron JF, Reinhart K, et al: Ane-
mia and blood transfusion in critically ill
patients. JAMA 2002; 288:1499–1507

65. Corwin HL, Gettinger A, Pearl RG, et al: The
CRIT Study: Anemia and blood transfusion in
the critically ill—current clinical practice in
the United States. Crit Care Med 2004; 32:
39–52

6 Crit Care Med 2007 Vol. 35, No. 11


